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I WRODUCTION 

The percklorates of hydrazine, namely, hydrazinium monoperchlorate ( N ~ H ~ c ~ o ~ )  
and hydrazinium diperchlorate  ( N&( C I O ~ ) ~ )  a r e  receiving increasing a t ten t ion  a s  
high energy sol id  propellant ingredients.  While b o t h  of these compounds have been 
known f o r  some time, very l i t t l e  has appeared concerning t h e i r  thermal reactions. 

The monoperchlorate was f i r s t  reported by Salvadori i n  1907 (Ref 1). 
reported decomposition a f t e r  prolonged heating a t  1 3 1 - 1 3 2 O ,  a rapid increase i n  
rate with increased temperature, and explosion a t  240°. 
(Ref 2) reported decomposition beginning at 145'. 
was reported by Shidlovskii ,  Semishin and Shmagin (Ref  3 )  who studied weight loss 
a t  temperatures f r o m  160° to 250'. 
was reported by Turrentine i n  1915 (Ref 4), however, there  i s  no information 
reported on the propert ies  of t h e  anhydrous material .  

He 

Barlot and Marsule 
The most recent information 

The dihydrate of hydrazinium diperchlorate 

I n  our  program t o  elucidate  the chemistry of these important compounds, we 
have examined t h e i r  thermal react ions as a f i r s t  step. 

EXmRIMEm 

A. Materials 

Kydrazinium Dipercblorate ( W-2) 

The HP-2 used i n  t h i s  study consisted of uniform small c r y s t a l s  (0 .3 to 
Its puri ty  was determined by a potentiometric t i t r a t i o n  Kith a standard 

The major impuri t ies  were hydrazine (mono-) perchlorate o r  f ree  perchloric 
Their presence depended on the  extent of drying and the precise balance 

Examples of the  puri ty  of various batches used a r e  

0.8 mm). 
base. 
acid.  
was d i f f i c u l t  to maintain. 
shown i n  Table I.  
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TABLE I 

ANALYSIS OF VARIOUS W-2 SAMPLES 

Batch No. 

1 
2 
3 
4 
5 

$ HP-2 

99.86 
99.89 
99.79 
99.37 
99.58 

$ Impurity 

0.42 - Rp 
0.26 - HP 
0.15 - H C ~ O ~  
0.15 - w 
0.04 - HC104 

Hydrazinium Monoperchlorate ( W) 

High pur i ty  HP was prepared by neutral iz ing 60$ HC104 w i t h  75$ N2& at 
temperatures from OO-25'. 
cold i n  scintered g l a s s  funnels. 
f r o m  the f i l t e r  with a Teflon spatula and placed i n  a drying tube at  70° f o r  two 
hours a t  a constant vacuum of 0.05 mm Hg t o  break down the hemihydrate. Samples 
were t i t r a t e d  e i t h e r  potentiometrically o r  with phenolphthalien indicator  by 
0.1000 N. MOH. 

The salt prec ip i ta ted  f r o m  water a t  00 and was f i l t e r e d  
The fine w h i t e  c rys t a l s  were gently removed 

Character is t ic  puri ty  fac tors  range from 99.83% t o  99.9446. 

B. @ratus and Procedure 

The decompositions were followed manometrically by monitoring pressure 
r i s e  a t  constant temperature i n  a constant volume reactor .  The apparatus was 
fabricated completely of glass a d  contained a t h i n  g l a s s  membrane which was 
used fo r  sensing pressure. A diagram of the apparatus i s  shown i n  Figure 1. 
glas s  pointer  was fused t o  the  diaphragm and the apparatus w a s  used as a nul l  
device by adjusting the pressure i n  the external volume u n t i l  the  pointer  came 
t o  rest at the reference mark. The sens i t i v i ty  of the gauge varied f r o m  one 
diaphragm t o  another, however, a l l  gave perceptible def lect ions of t he  pointer  
f o r  pressure d i f f e ren t i a l s  of 1 mm. 

A 

A t  the  completion of  the reaction, gas samples were col lected through 
the  break-off s ea l  and analyzed on the mass spectrometer. 
res idues were analyzed by conventional w e t  ana ly t ica l  techniques. 

Condensed phase 

RESULTS AND DISCUSSION 

A. General Nature of the Reaction 

I n  a sealed system the react ion of HP-2 i s  characterized by an  induction 
period, during which time a gradual pressure rise i s  observed. A t  the  end of the 
induction period the react ion accelerates  very sharply and complete decomposition 
results. A typical  pressure vs time curve i s  shown i n  Figure 2. The i n i t i a l  
phase of  the  W react ion i s  also acceleratory, however, there  i s  no s ign of the 
acce lera t ion  o f  the type charac te r i s t ic  of HP-2. 
curve f o r  HP i s  shown i n  Figure 3 .  

A typ ica l  pressure vs time 

! 
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B. Stoichiometry 

Analysis of the vapor and condensed products of the overal l  HP-2 reaction 
indicate  the  following stoichiometry. 

12N2&3( C104)2 --+ 4mC104 + l2HClO4 + 22H20 + l O N 2  + 502 + 4C12  

The overal l  stoichiometry of the  HP react ion is: 

8N2H5C104 . .- 7mC104  + NL14Cl + 4 N 2  + 4&0 

c. Rate Measurements 

Hydrazinium Diperchlorate 

For the case of HP2 there  i s  a very sharp t r a n s i t i o n  a t  the i n i t i a t i o n  
of the  accelerated phase. 
into the accelerated phase the  concentrations of a l l  reacting species a r e  equal. 

The assumption was made t h a t  when the react ion goes 

Thus the expression f o r  the r a t e  of disappearance of W-2 may be writ ten 
as follows: 

-a !3P-27. 
= kf(C) 

d t  

where k i s  the  specif ic  r a t e  constant and f(C) is  some function of the concentration 
of reactants .  

Integrat ion of (1) gives 

k t i  = f ' ( C i )  (2) 

the subscript  represents t h e  i n i t i a t i o n  of the accelerated phase of decomposition. 

The assumption i s  made that a t  ti, t h e  concentrations of all reactants 
a r e  equal and f'(Ci) i s  constant.  
proportiom1 tothe spec i f ic  r a t e  constant. 

Thus the time t o  accelerat ion i s  inversely 

l/ti = kok ( 3 )  

where l/b i s  f ' ( C i ) .  

bas i s  of b k  o r  l/ti. 
I n  any s e r i e s  of experiments the  r a t e s  o f  reaction were compared on the  

Hydrazinium Monoperchlorate 

The reaction of HP i s  not characterized by t h e  same type of rapid 
accelerat ion as i s  found f o r  HP-2. 
following t h e  expression 

Rather the first l O $  of react ion is accelemtory 

';'/No = A t 2  
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where 7 = nwber of moles o f  gaseous products 
No = number of moles of HP or ig ina l ly  present 
t = time i n  minutes 

The r a t e  of react ion remains constant from approximately 1% t o  704& 

?/No = C(t-D) 

For comparison of r a t e s  a t  various temperatures the l i n e a r  port ion of 

decomposition and i s  given by the  following expression: 

the curve was used. 

D.  Effect of Temperature 

The time t o  accelerat ion (ti) f o r  HP-2 i s  shown a s  a function of tem- 
perature i n  Table 11. 

TABU I1 
, 

TIME TO ACCELERATION AS A FUNCTION OF TEMPERATURE 

Temperature ( O C )  Induction Period ( h r s l  

120 
130 
140 
150 

77 
32 
22 
9 

The dependence of react ion r a t e  on temperature is given by the Arrhenius 
re la t ionship  

-E/RT \ 

k = A e  (4) 
Substituting f o r  the  specif ic  r a t e  constant f r o m  (3) gives: 

-E/RT 
l/ti = koAe ( 5 )  

or l n ( l / t i )  = ln(koA) - E/RT ( 6 )  

For Hp-2 between 100 and l 5 O o C  the relat ionship between l/ti and tem- 
perature  is: 

log i/ti = 11.203 - 
T( OK) 

and the ac t iva t ion  energy, E, i s  23.5 kcal/mole. 

I k 
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The ef fec t  of  temperature on the decomposition ra te  of HE i s  shown i n  
TLble  111. 
t h e  power expression: 

Tne tab le  gives  t h e  values of A, C and D which a r e  t h e  parameters of 

0 > ?/No >0.1 ?/No = A t 2  

and the l i n e a r  expression: 

Y)/N = C ( t - D )  0.1 >?/No '> 0.7 

Values of ti ( t i m e  of t rans i t ion  from the power law t o  t h e  l i n e a r  l a w )  
and values of ~ / N O  a t  ti a r e  a l s o  given. 

TABLE I11 

8 T O c  k x 10 
TEWERATURE: EFFECT OF HP DECOMPOSITION 

D ti-* ?/NO a t  ti* 
- - c x lo4  

140 6.25 1 . 3 1  1200 0.090 

0.090 
552 480 

0.070 
320 300 158 107 6.9 

170 260 10.9 104 170 
181 1070 21.0 53 95 0.090 
200 18,000 86.0 10 27 0.140 

0.080 
166 

150 22.9 3.25 

*Approximate values-time i n  minutes. 

A Plot of values of log c versus 1 / p K  gives an act ivat ion energy f o r  
t h e  l i n e a r  portion of the  curve of 23.8 kcallmole from 140°C t o  20OoC. 

E. Effect  of  Reaction Products 

The reaction of HP-2 i s  self accelerating and suggests autocatalysis  by 
react ion products. The e f f e c t  of two of the  react ion products are given below. 

1. Perchloric Acid Dihydrate 

The addi t ion of  perchloric acid dihydrate has the e f f e c t  of  
accelerat ing the decomposition of HP-2. 
t o  accelerat ion ( l / t i )  i s  given by the following expression. 

The exact e f f e c t  i n  terms of the  time 

l/ti = kokl + kok2 EHC10+*2H20] 

a t  140°, b k l  = 0.04 h r - l  which i s  the rate of the react ion i n  t h e  absence of 
addi t ive and kok2 = 0.04 .hr-l  ( w t  '$)-l. 

Thus the  r a t e  of the  react ion i s  doubled when one percent of the 
a c i d  dihydrate is added. 

i 
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2. Anhydrous Perchloric Acid 

The addi t ion o f  anhydrous perchloric acid accelerates  the  reaction 

U s i n g  the  above convention, however, it was possible t o  
of HP-2 t o  such an  extent  t h a t  it exceeds the capacity of  the experimental 
technique a t  140'. 
determine a lower l i m i t  on the  value pf the r a t e  constant b k 2 .  
value of kok2 i s  grea te r  than 2.5 hr- Thus the r a t e  of HP-2 decom- 
posi t ion i s  increased by a fac tor  of a t  l e a s t  60 when one percent of  anhydrous 
HC104 i s  present. 

A t  140' the  
(h $Im1. 

F. Reaction Mechanism 

The i n i t i a l  s tep  i n  t h e  decomposition of HP-2 i s  the dissociat ion t o  HP 
and perchloric acid: 

-.-+ N2H5C104 'HC104  c--.N2H5C104 + HC104 

This s tep was ver i f ied  by i so la t ion  of anhydrous HC104 as t h e  only vapor 
phase specie during t h e  e a r l y  phases of the reaction. 
i n  terms of the  pressure of HC104 were determined as a function of temperature 
and a r e  given by the following expression. 

The equilibrium constants 

l o g  P ( ~ )  = 22.86 - 8,650 
T (OK) 

100' t o  140°C 

and t h e  heat of dissociat ion i s  37 kcdL/mole. 

The i n i t i a l  s tep of  the HP decomposition i s  a proton t r a n s f e r  t o  
produce f r e e  hydrazine and anhydrous perchloric acid: 

N 2 H ~ C 1 0 4  <ll?N2H4 + H C l O 4  

The dissociat ion pressures f o r  t h i s  reaction could not be measured 
d i r e c t l y  i n  the  Sickle gauge apparatus. 
detected t o  150'. 
a t t a i n  equilibrium. 

No dissociat ion pressure could be 
A t  higher temperatures t h e  decomposition was too rapid t o  

The i n i t i a l  dissociat ion i n  both cases i s  followed by decomposition of 
HC104 since it is  considerably l e s s  s table  than Hp-2 o r  HP. 

The react ion of a 3 d m u s  HC104 has been studied by Levy (Ref 5 ) .  A t  
high temperatures (above 300 ) the  vapor phase react ion i s  a homgeneous one. 
Below approximately 300°C the  react ion i s  a heterogeneous one, t h e  r a t e  of which 
depends on the  nature of  t h e  surface with which it i s  i n  contact. 
Tsentsiper ( R e f  6) report  an  ac t iva t ion  energy of 22.2 kcal/mole f o r  the low 
temperature reaction. 
Hp-2 and HC104 reactions suggest t h a t  the decomposition of HC104 may be t h e  
controll ing s tep  i n  each case. 

Zinov'ev and 

The s imi la r i ty  of t h e  temperature coeff ic ient  of t h e  H P ,  

Since the  decomposition of H c 1 0 4  is  mainly a heterogeneous one i n  the 
temperature range of i n t e r e s t ,  tests were performed t o  determine t h e  e f f e c t  of 
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surface on t h e  HP-2 reaction. The Pyrex surface was increased by the  addi t ion of 
known quant i t ies  of  Eyrex micro spheres. 
reactant .  The presence of t h e  g l a s s  surface increased the ra te .  The overal l  
r a t e  of t h e  heterogeneous reac t ion  i s  given by the  following expression: 

These were intimately mixed with the 

where kokl i s  the r a t e  i n  t h e  absence of added surface; k j  i s  the specif ic  ra te  
constant on surface j and S j  i s  t h e  surface area of the j t h  surface. 

A t  140' on Pyrex g l a s s  t h e  value of  Wpyrex i s  0.005 hr-I (cm2)-l. 
Thus the heterogeneous nature  of the  react ion i s  important and t h i s  f u r t k r  
suggests that the decomposition of  HC104 i s  a control l ing s tep  i n  the  reaction. 

i!t 140° t h e  perchlor ic  ac id  decomposes on a surface as follows: 

HC104--J HO' + * (2103 

Only the two products formed by the i n i t i a l  dissociat ion o f  HC104 are 
shown. Many other ac t ive  oxidizing species such as C102, C104,  C1203, are un- 
doubtedly a l s o  formed. The oxidizing species formed can oxidize the hydrazine 
moiety of HP-2 to  ammonia thereby releasing a mole of  perchloric acid. 
react ion i s  i l l u s t r a t e d  below f o r  the  HO- and c103' radicals .  The same overal l  
r e s u l t s  a r e  obtained with o ther  oxidizing intermediates. 

The 

HO- + N2H5C1O4.HClO4 +&O + 1 / 2 N 2  + NIf4c104 + HC104 

c103' + 6N&&104*HCl04  ---)3HzO + 3 N 2  + 6 ~ ~ 1 0 ~  + 1/2C12 + 6 ~ ~ 1 0 ~  

Each mole of  perchlor ic  a c i d  has the  capacity t o  oxidize seven moles of 
hydrazine which i n  t u r n  releases seven addi t ional  moles of perchloric acid.  
a rapid chain-branching s t e p  can account f o r  t h e  rapid t r a n s i t i o n  f r o m  t h e  slow 
preaccelerat ion phase of t h e  react ion t o  the rapid acceleration. 

Such 

The suggested reac t ions  a r e  a l so  consistent with t h e  f a c t  t h a t  Rp does 
Oxidizing intermediates formed by the  decomposition of not accelerate  rapidly.  

HC104  react  with W as follows. 

N$5C104 + 'OH + H 2 0  + w4c104 + 1 / 2 N 2  

7N2H5C104 + 'C103 j 3 H 2 0  + 6&c104 + 3 1 / 2 N 2  + WC1 

An approximate k i n e t i c  expression based on t h e  above consideration i n  
which a l l  oxidizing species are included, reduces to :  

This expression shows t h a t  t h e  r a t e  of gas evolution should increase 
u n t i l  steady state concentrations of a l l  oxidizing species a r e  reached. Af'ter 
t h i s  time (ti) t h e  concentrations of oxidizing intermediates remain constant 
and are  dependent on the  equilibrium dissociat ion pressure of  HP a t  the  experi- 
mental temperature. The rate then r emins  constant u n t i l  the  HP becomes depleted. 
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SUMMARY AND CONCLUSIONS 

The i n i t i a l  s tep i n  the thermal decomposition of  HP-2 and HP i s  the 
dissociat ion of the  acid-base complex t o  give f r e e  perchloric acid.  
sequent decomposition of perchloric acid controls  t h e  r a t e  of t h e  overa l l  reaction. 

The sub- 

I n  the case of HP-2 the  react ion i s  self-accelerating due t o  autocatalysis  by 
react ion products. The general form of t h e  react ion sequence i s  as follows: 

kl 
A . -----.--jB + Products 

k2 
7k + B 

The la rge  branching coef f ic ien t  (7) and t h e  f a c t  that k, > k l  leads t o  a 

--- j 7B + Products 

very sharp t r a n s i t i o n  from a slow preacceleration react ion t o  a rapid accelerated 
phase. 

The HP reaction d i f f e r s  f r o m  t h a t  of HP-2 i n  t h a t  no autocatalysis  i s  
involved. 
intermediates a re  b u i l t  up, but a f t e r  a steady state concentration i s  reached the 
r a t e  remains constant u n t i l  the  concentration of HP becomes depleted. 

The i n i t i a l  r a t e  of t h e  HP react ion does increase as ac t ive  oxidizing 
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Figure 1 .  Sickle Gauge Apparatus 
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Figure 2 .  Presaure ve Time Curve for Hydrazinium Diperchlorrte at 14OoC 
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Figure 3. Praeeure va T i m  Curve for Hydrasinium Perchlorate at 14OoC 
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